Background: Autism spectrum disorder (ASD) is a mental disorder that has long been considered to result from brain underconnectivity. However, volumetric analysis of structural MRI data has failed to find consistent white matter alterations in patients with ASD. The present study aims to examine whether there are consistent focal white matter alterations as measured by diffusion tensor imaging (DTI) in individuals with ASD compared with typically developing (TD) individuals. Method: Coordinate-based meta-analysis was performed on 14 studies that reported fractional anisotropy (FA) alterations between individuals with ASD and TD individuals. These studies have in total 297 subjects with ASD and 302 TD subjects. Results: Activation likelihood estimation (ALE) analysis identified two clusters of white matter regions that showed consistent reduction of FA in individuals with ASD compared with TD individuals: the left splenium of corpus callosum and the right cerebral peduncle. Conclusions: Consistent focal white matter reductions in ASD could be identified by using FA, highlighting the cerebral peduncle which is usually overlooked in studies focusing on major white matter tracts. These focal reductions in the splenium and the cerebral peduncle may be associated with sensorimotor impairments seen in individuals with ASD.
Introduction
Autism spectrum disorder (ASD) is a mental disorder thought to be the result of underconnectivity between brain regions (Just et al., 2012) . Under this premise, different lines of studies have been performed to understand brain white matter anatomical connectivity and functional connectivity under resting-state and task conditions. Earlier functional MRI (fMRI) studies have reported lower functional connectivity between the frontal lobe and posterior cortical regions in ASD patients compared with typically developing (TD) controls during performance of executive function related tasks (Just et al., 2004; Just et al., 2007) . In contrast, studies of resting-state functional connectivity typically found largely similar connectivity patterns with healthy controls (Tyszka et al., 2014) , and most of the detectable connectivity were reduced functional connectivity in individuals with ASD (Di et al., 2014a) (but see Supekar et al., 2013) .
In addition to functional connectivity, another line of studies has focused on the infrastructure of brain connectivity, i.e. white matter anatomy. One commonly used approach is to study morphological differences of the white matter structures using voxel-based morphometry (VBM), which examines morphometrical differences in every voxel of the structural MRI (Ashburner and Friston, 2000) . However, inconsistent results have been reported in VBM-based studies in ASD. Several early structural MRI studies showed widespread white matter volume reductions in ASD compared with healthy controls (Chung et al., 2004; Boddaert et al., 2004) , whereas later meta-analyses identified both increased and decreased white matter volumes in patients with ASD compared with controls (Radua et al., 2011; DeRamus and Kana, 2014; Nickl-Jockschat et al., 2012; Duerden et al., 2012) . The inconsistence of these early studies may be caused by the heterogeneity of different study samples. Recent large-scale multi-site MRI data sharing makes it possible to accumulate large samples of subjects (Di et al., 2014a) . However, studies using the Autism Brain Imaging Dataalterations (Lefebvre et al., 2015; Di and Biswal, 2016; Haar et al., 2014) . Apart from the morphormetric examinations of white matter, diffusion tensor imaging (DTI) has made it possible to study white matter microstructures and properties of large-scale white matter tracts (Alexander et al., 2007; Keller et al., 2007; Barnea-Goraly et al., 2004) . Instead of looking at macro level white matter morphology, DTI offers information on the microstructural properties of white matter tracts. Reduced fractional anisotropy (FA) of white matter in individuals with ASD has been consistently reported in many white matter tracts: the corpus callosum, cingulum, uncinate fasciculus, and superior longitudinal fasciculus (Aoki et al., 2013; Travers et al., 2012) . However, these two meta-analytical studies used an ROI-based (regions of interest) approach, which relies on authors' defined ROIs and precludes whole brain evaluations of white matter alterations (Laird et al., 2005) . It is possible that white matter alterations may occur outside the major white matter tracts. Therefore, voxel-wise meta-analysis is needed to provide more comprehensive mapping of white matter microstructure alterations in ASD.
Activation likelihood estimation (ALE) analysis (Turkeltaub et al., 2002 ) is a voxel-based meta-analysis method for examining the consistency of reported spatial coordinates across neuroimaging studies. Although originally proposed for fMRI studies, it can be applied to other neuroimaging modalities as well, such as VBM studies (Chan et al., 2011; Di et al., 2009; Glahn et al., 2008; Di et al., 2014b) and DTI studies (Ellison-Wright and Bullmore, 2009; Liao et al., 2013) . Since a large portion of DTI studies performed voxel-based analysis (VBA) or tract-based spatial statistics (TBSS) on spatial properties such as FA, we can examine consistency of FA alterations in patients with ASD compared with TD controls. In the current study, we performed a voxelbased meta-analysis on DTI studies that used VBA or TBSS to compare FA differences between individuals with ASD and TD individuals. Based on the results of former studies Barnea-Goraly et al., 2004; Aoki et al., 2013) and the underconnectivity theory (Just et al., 2012) , we hypothesize that there would be focal white matter reductions in ASD. We are looking for such focal white matter alterations in either previously reported white matter tracts, such as the corpus callosum, or other white matter regions that might be overlooked with ROI-based meta-analyses.
Materials and methods

Literature search
We performed two PubMed searches: using key words "autism" combined with "fractional anisotropy" and the other using "autism" with "diffusion tensor imaging" to identify relevant papers. The original search was performed in December 2015. Papers published after the initial search with the same key words were identified by PubMed generated RSS (rich site summary) feeds. We chose to study FA differences because most of the VBA or TBSS studies compared FA, whereas only a small portion of studies reported other measures, e.g. mean diffusivity (MD), radial diffusivity (RD), and axial diffusivity (AD).
Criteria for inclusion and exclusion are as follows: first, a study was included if it examines FA differences between a group of subjects with ASD and a group of TD subjects. Second, the study should perform VBA or TBSS, instead of ROI-based analysis. Third, results were reported as stereoscopic coordinates in either MNI (Montreal Neurological Institute) or Talairach space. Fourth, the ASD groups were high-functioning ASD, defined as mean full-scale intelligence quotient (IQ) > 70 (Lai et al., 2013) . One study was discarded because the mean nonverbal IQ of the autistic group is 49 (Pardini et al., 2009) . Another study did not report IQ, possibly because the mean age of the sample is too young to perform IQ test (28 months) (Xiao et al., 2014) . The age range of this study (2-3 years old) is also quite different from all other studies included in the current analysis. Therefore, this paper was also excluded from the analysis.
As a result, 14 papers were included in the current meta-analysis (Table 1) . Among these studies, all reported clusters of smaller FA in the ASD group than in the TD group. Within these, four studies also reported clusters of greater FA in ASD group than TD group. Due to the limited number of studies, we only performed meta-analysis on FA reductions in the ASD group compared with the TD group. In total there are 132 foci reported from the 14 studies. Together, the 14 studies included a total of 297 subjects with ASD and 302 TD subjects. Seven studies included only male subjects, while the other 7 studies included a small portion of female subjects. Eight studies used VBA analysis, and 6 studies adopted TBSS method. The details of DTI imaging and statistical analysis in these papers are outlined in Table 2 .
Activation likelihood estimation analysis
We performed a simple ALE analysis to estimate consistent FA alterations in ASD compared with TD across the 14 studies. GingerALE 2.3.6 was used for ALE analysis (Eickhoff et al., 2009; Turkeltaub et al., 2012; Eickhoff et al., 2012) . Turkeltaub et al.'s non-addtive method was used (Turkeltaub et al., 2012) , and the spatial smoothness for each study was estimated based on the number of subjects (Eickhoff et al., 2009 ). The number of subjects was approximated as the minimum number of subjects in either the ASD or TD group. The analysis was performed in MNI space. One study used Brett's transformation to convert the results from MNI space into Talairach space. The results were transformed back into MNI space. The ALE analysis results were first thresholded using uncorrected p < 0.001, and a cluster-level threshold of p < 0.05 was used for multiple comparison correction. The resulting clusters were labeled based on the JHU (Johns Hopkins University) DTI-based white-matter atlases (Hua et al., 2008; Wakana et al., 2007) .
Sample age and IQ
For each study, we extracted the mean and standard deviation (SD) of the age of each group. The age ranges were not available for all the studies. Based on the available age ranges and information from the text, we assigned the sample into three groups, i.e. preadolescent Bakhtiari et al. (2012) recruited two age groups, but only adolescent group showed statistically significant results. Therefore, only adolescent groups of patients and controls were included in the current analysis.
X. Di et al. Progress in Neuropsychopharmacology & Biological Psychiatry 82 (2018) 242-248 children (age < 10 years old), adolescents (age between 10 and 20 years old), and adults (age > 20). The assignment of age groups was not clear-cut. Three studies included both preadolescents and adolescents. Three studies included only adolescents. Three studies included adolescents and adults. While five studies included only adults. Because there are only a few studies in each group, it is not possible to perform moderator analysis on the effects of age. We then performed a post-hoc analysis on the studies that contributed to the consistent results in the meta-analysis to see whether these studies were from particular age groups. Most of the studies reported full scale IQ from some versions of the Wechsler Intelligence Scales. However, four studies used different methods. One study reported only performance IQ (Bakhtiari et al., 2012) . One study used Raven's progressive matrices (Cheung et al., 2009) . One study used Multiple choice vocabulary test (MWT) (Nickel et al., 2017) . And one study used American National Adult Reading Test to estimate verbal IQ (Thakkar et al., 2008) . For each study and each group, mean and SD of IQ scores were extracted. Cohen's d was calculated for each study. We performed post-hoc analysis on whether the studies that showed consistent meta-analysis results were due to IQ differences between case and control groups.
Results
Two clusters were identified that showed consistent FA reductions in individuals with ASD compared with TD individuals (Fig. 1 and Table 3 ). The first cluster was located in the left splenium of the corpus callosum, as three out of the total of 14 studies contributed to it. The second cluster was located in the right cerebral peduncle, with four out of 14 studies having contributed to it. The studies that contributed to each of the clusters are also listed in Table 3 .
We sorted the 14 studies according to the mean age of the ASD group, and highlighted the studies that have contributed to the consistent clusters in the ALE analysis ( Fig. 2A) . There is no clear specific age range for these studies, and the age ranges of these studies covered both adolescence and adulthood. We also sorted the 14 studies according to the IQ differences (Cohen's d) between the two groups (Fig. 2B) . The studies that contributed to the consistent clusters had only small effects sizes of IQ differences. There is one study that has extremely different IQ scores between the ASD and TD groups (Cohen's d = 2.89) (Noriuchi et al., 2010) . We also discarded this study, and rerun the meta-analysis with the remaining 13 studies. The results remained the same.
We also examined several methodological factors, including the number of subjects in the ASD group, publication year, the number of DTI directions, and the analysis methods (TBSS vs. VBA) (Fig. 3) . Among these factors, we found an interesting trend that all the studies that contributed to the consistent clusters were published after 2011 Table 3 .
Table 3
Clusters that showed consistent smaller fractional anisotropy (FA) in individuals with autism spectrum disorder (ASD) and typically developing (TD) individuals. Contributed studies correspond to the study numbers in Tables 1 & 2. Cluster # Volume (mm X. Di et al. Progress in Neuropsychopharmacology & Biological Psychiatry 82 (2018) 242-248 and used the TBSS method.
Discussion
Using voxel-based meta-analysis, the current study searched for consistent brain white matter FA alterations in ASD across 14 studies, with a total of 297 subjects with ASD and 302 TD subjects. All studies reported reduced FA in the ASD group compared with TD group, while only four studies reported increased FA in different brain regions. Consistent with our prediction, we identified focal white matter regions that showed consistent FA reductions in the ASD group, the left splenium of the corpus callosum and the right cerebral peduncle. The studies were ranked according to the mean age and IQ differences, respectively. The error bars in A represent standard deviations of the samples' age. The age range of each study can be roughly categorized into preadolescent children, adolescents, or adults based on the descriptions in the paper. Gray bars indicate that these studies contribute to the resultant consistent clusters in the meta-analysis. Existing meta-analyses on VBM studies have failed to report consistent white matter reductions in the two regions observed in the current analysis (Radua et al., 2011; DeRamus and Kana, 2014; NicklJockschat et al., 2012; Duerden et al., 2012) . A large-scale analysis of corpus callosum volumes on the ABIDE data did not demonstrate clear evidence of smaller corpus callosum volume in ASD subjects either (Lefebvre et al., 2015) . In contrast, reduced FA, as well as increased MD, in the corpus callosum have been consistently reported in DTI studies (Aoki et al., 2013; Travers et al., 2012) . Adopting a voxel-wise analysis approach, the current analysis identified altered FA consistently in the posterior portion of the corpus callosum, i.e. the splenium. In addition to the corpus callosum, voxel-wise analysis also enabled us to identify FA reductions in the cerebral peduncle, an area overlooked in previous reviews and meta-analyses (Aoki et al., 2013; Travers et al., 2012) . A closer look at previous DTI studies not included in the current studies also suggests FA reductions in the cerebral peduncle (Shukla et al., 2010; Brito et al., 2009 ).
The splenium is the most posterior portion of the corpus callosum, which connects homotopic regions of the occipital, parietal, and temporal areas of the brain (Catani and Thiebaut de Schotten, 2008; Knyazeva, 2013) . The main role of the corpus callosum is to enable inter-hemispheric communications, either in an excitatory or inhibitory manor (Bloom and Hynd, 2005) . The splenium is mainly served as a relay between homotopic regions of the occipital, parietal, and temporal lobe regions, which mainly involve visual processing. The reduction in the splenium in subjects with ASD may be associated with abnormalities of visual processing in ASD, specifically the deficit of higher visual processing such as face processing (Pelphrey et al., 2002; Hubl et al., 2003; Bölte et al., 2008) . The second cluster of the right cerebral peduncle is in the anterior part of the midbrain, which acts as a conductor between the midbrain, thalamic nuclei, and cerebrum. Largely responsible for refining motor movements, white matter integrity of the cerebral peduncle was found to be related to motor function recovery after stroke (Kusano et al., 2009 ). The reduction of white matter in the cerebral peduncle in ASD may be associated with impaired motor functions in individuals with ASD (Fournier et al., 2010) . However, such a link needs to be directly tested in future studies.
Several factors may moderate brain structural or functional alterations in ASD, e.g. age range, IQ differences between groups, and biological sex. Due to the limited number of studies, it is not possible to perform moderation analysis to directly examine these effects. To get some insights, we identified the studies that contributed to the resulting clusters, and explored whether these studies were biased in these sample characteristics. As can be seen in Fig. 2 , the two consistent clusters were contributed by studies with participants at both adolescent and adult age range. Given the limited number of studies that cover the preadolescent or even younger age range, it is not possible to directly compare FA alterations at different age ranges. Several studies of brain structural and functional alterations in ASD have shown developmental effects, not only in DTI studies (Cheng et al., 2010; Nordahl et al., 2015) , but also in gray matter volume studies (Di and Biswal, 2016) and fMRI studies Nomi and Uddin, 2015) . The effects of age need to be further explored when more studies are available.
ASD includes a wide range of IQ. The mean IQs of the samples in the current study are all above 90. In addition, only two studies reported statistical significant differences in IQ between the ASD and TD groups Noriuchi et al., 2010) . Among them, one study reported an extreme IQ difference in term of effect size (Fig. 2B ) (Noriuchi et al., 2010) . The studies that contributed to the consistent clusters, on the other hand, only showed small effects of IQ differences. This suggests that the differences observed in the current analysis are not due to IQ differences between the case and control samples. Inclusion of low IQ samples may increase the variations so that the sensitivity of detecting consistent FA alterations reduced.
The effects of sex on brain structures and functions have been a hot topic due to epidemiological differences of autism in males and females (Lai et al., 2015) . However, 7 out of 14 studies in the current analysis only included male subjects, and the remaining 7 studies only recruited a small portion of female subjects in their sample. A recent study did suggest gender differences of corpus callosum connectivity to the frontal cortex in ASD (Nordahl et al., 2015) . Further research is necessary to understand gender differences in individuals with ASD. In addition to the study sample characteristics, methodological factors regarding DTI data acquisition and analysis may also affect the results. We did not see a clear pattern in the number of DTI directions on the consistent results. However, we found a clear pattern in which analysis methods may affect the consistency of results. Specifically, all the studies that showed consistent results in the current analysis used the TBSS approach, and were published after 2011. One difference between VBA and TBSS methods is that inter-subject registration and normalization is based on whole brain tissue maps for VBA and based on white matter "skeleton" for TBSS. In addition, VBA performs statistical analysis on every voxel in brain, while TBSS only performs analysis on the "skeleton" of white matter tracts (Smith et al., 2006) . Therefore, the TBSS method may have better inter-subject registration and less severe problem of multiple comparison. This may explain why the TBSS method produces more consistent results compared with VBA. However, other factors may also contribute to this observation, e.g. TBSS analyses in the current analysis were all performed using FSL (FMRIB Software Library) (Jenkinson et al., 2012) , but VBA analyses were typically performed using SPM (http://www.fil.ion.ucl.ac.uk/ spm/). Statistical models and inference methods may also be different in the two packages. The analysis of DTI data actually has great flexibility regarding the choose of comparing parameters, analysis method, and so on. New method such as Automating Fiber-Tract Quantification (AFQ) (Yeatman et al., 2012; Libero et al., 2016) has also been proposed and are currently being used. These different methodologies may also make it difficult to compare results between DTI studies, thus making them less reproducible.
ASD is a complex and highly heterogeneous mental condition, both in terms of underlying genetics (Jeste and Geschwind, 2014 ) and brain structures (Martinez-Murcia et al., 2016) . Overall, two regions of clinical interest across the 14 studies were found: the left splenium of the corpus callosum and the right cerebral peduncle. Further inquiries on the methods of analysis as well as the software used may reduce variance and clarify inconsistencies across studies. 
